Solutions of cellulose in a mixture of tetrabutylammonium fluoride and dimethyl sulfoxide (TBAF/DMSO) containing small and varying amounts of water were studied by nuclear magnetic resonance (NMR). By measuring the composition dependences of 19 F NMR and 1 H NMR chemical shifts and line widths, details on the dissolution and gelation mechanisms for cellulose in TBAF/DMSO were elucidated. Our results suggest that the strongly electronegative fluoride ions act as hydrogen bond acceptors to cellulose hydroxyl groups, thus dissolving the polymer by breaking the cellulose-cellulose hydrogen bonds and by rendering the chains an effective negative charge. It was found that the fluoride ions also interact strongly with water. Small amounts of water remove the fluoride ions from the cellulose chains and allow reformation of the cellulose-cellulose hydrogen bonds, which leads to formation of highly viscous solutions or gels even at low cellulose concentrations.
Introduction
The current interest in biopolymers has triggered research to find new routes to dissolve cellulose, the most abundant polymer on earth. Native cellulose can have a molecular weight of up to 1.6 × 10 6 mol/g, which corresponds to a degree of polymerization (DP) of 1 × 10 4 glucose units. The attractive interaction between the polysaccharide chains is due to a combination of van der Waals forces and intermolecular hydrogen bonds. 1 Both native and processed cellulose display amorphous as well as crystalline regions, where the latter are particularly difficult to dissolve. 2 The key to get cellulose in solution is to overcome the strong intermolecular attractions between the chains.
In recent years, ionic liquids, such as salts of N,N-disubstituted imidazolines, have attracted considerable interest as solvents for cellulose. 3 The combination of an aprotic, polar solvent, and an inorganic salt has also been found to have good solvency for cellulose, particularly if the salt contains a hard cation. Lithium chloride in dimethyl acetamide (LiCl/DMAc) is one such system that was explored about 20 years ago and that has good dissolution power for cellulose. 4 A drawback of this system is that the dissolution is time-consuming and requires preswelling by sequential solvent exchange and heating.
In year 2000, Heinze et al. reported that a solution of the trihydrate of tetrabutylammonium fluoride (TBAF · 3H 2 O) in dimethyl sulfoxide (DMSO) is a good solvent for cellulose. 5 This system can be used for rapid dissolution of celluloses of very high DP and is also capable of dissolving the complete plant cell wall. 6 TBAF/DMSO has subsequently been explored as a reaction medium for chemical modifications of cellulose, for example, acetylation, 5, 7 carboxymethylation, 8 and benzylation. 9 However, the dissolution mechanism of this solvent system is not fully elucidated. DMSO, is a polar, aprotic solvent that can act as both a soft base (the sulfoxide sulfur) and a hard base (the sulfoxide oxygen). 10 This dual functionality of DMSO makes it an excellent solvent for a wide range of substances, and although it cannot alone dissolve cellulose, it is one of the best swelling agents for the polymer. 11, 12 As to TBAF, it can be noted that the fluoride salt is the only halide salt of TBA + capable of rendering cellulose soluble in DMSO; TBACl and TBABr are not useful in this respect. 5 It has been suggested that the fluoride ion, which is a very strong hydrogen bond acceptor, favorably competes with the hydroxyl and acetal oxygen atoms of cellulose, 7 thus reducing the attractive interactions between the polysaccharide chains. Chloride and bromide ions are evidently not efficient enough as hydrogen bond acceptors to do this.
The presence of water has a very strong influence on the physical properties of a solution of cellulose in TBAF/DMSO. Even a very small amount of water gives a strong increase in viscosity and a few percent of water causes gelation. Similar behavior has been observed in the LiCl/DMAc system, and the influence of the water was attributed to competitive hydrogen bonding. 13, 14 The aim of the present paper is two-fold: to elucidate the mechanism of dissolution of cellulose in TBAF/DMSO and to explain the gelation that occurs on addition of water. The intermolecular interactions are monitored by 19 F NMR and 1 H NMR. NMR experiments give information about the electronic environment experienced by a nucleus as well as about dynamic processes such as molecular mobility and chemical exchange, which are both important in the study of interactions between cellulose and solvents or cosolutes. [15] [16] [17] It is a fortunate circumstance that one of the species of interest in the present investigation is the fluoride ion; the chemical shift of the peak from F -in 19 F NMR is exceptionally sensitive to small changes in its chemical environment. [18] [19] [20] [21] [22] 2. Experimental Section 2.1. Materials. The cellulose used in all samples was Avicel PH 200, a microcrystalline quality with a DP of 210-270, 23 which was purchased from FMC Europe. Tetrabutylammonium fluoride (TBAF), delivered as a 1 M solution in tetrahydrofuran (THF), was obtained from Fluka, deuterated dimethyl sulfoxide (DMSO-d 6 ; 99.5 atom % D) from ARMAR Chemicals, and 4 Å molecular sieves from MERCK. The cellulose was dried at 120°C for 24 h prior to use; otherwise, all chemicals were used as received. The water that was added to the samples was purified using Millipore Milli-Q equipment.
NMR Experiments. 2.2.1. Preparation of NMR Samples.
The appropriate amounts of a 1 M solution of TBAF in THF and DMSOd 6 were mixed to obtain a solution with a weight ratio of 1:11 of TBAF/ DMSO-d 6 (corresponding to 0.42 M TBAF in DMSO), which is the same proportions as used by Heinze et al. 5 This solution was then evaporated under vacuum (60°C, 20 min) to decrease the amount of THF to below 1 wt %. To further decrease the water content, the solution was stirred with activated molecular sieves for five days; the sieves were exchanged twice during this time. Dried cellulose was dissolved in the TBAF/DMSO solution during heating and stirring (60°C , 20 min) to give a cellulose concentration of 1.0 wt %. This solution is clear to the eye and contains no visible undissolved particles. This 1% stock solution was then diluted with dried solvent to obtain the desired cellulose concentrations. Aliquots of the different cellulose solutions were transferred to 5 mm NMR tubes and the appropriate amounts of water were added. The samples were then vigorously vortexed with 3 mm glass beads (two in each sample). The tubes were flame-sealed to avoid uptake of additional water (the TBAF/DMSO mixture is inherently hygroscopic) 24 and centrifuged several times back and forth to mix and homogenize the samples. The samples were equilibrated for at least 1 week before characterization.
The lowest water concentration in each sample series was estimated by linear extrapolation of the 1 H NMR peak integrals from the five lowest water concentrations within the series to zero addition of water. For the sample series containing cellulose, the upper limit of the water content was restricted for practical reasons by high viscosity or gelation. The compositions of the investigated samples are presented in Table 1 .
By using the above multistep procedure when preparing the TBAF/ DMSO solution, the problem of low solubility of the TBAF salt (which is only stable as a trihydrate, i.e. TBAF · 3H 2 O) in DMSO was circumvented. Complete drying of the TBAF · 3H 2 O is not possible since the salt decomposes at temperatures above 77°C 7, 25 and in the total absence of water. 27 Between experiments this peak shifted by less than (0.002 ppm, which verifies good stability of the magnetic field. In the 1 H NMR spectra the ppm scale was set after the DMSO signal at 2.5 ppm, which is independent of both H 2 O and cellulose content and hence did not shift between samples. Unless otherwise stated, all NMR experiments were performed at 22 ((0.1)°C. The dependence of the 19 F line width on the magnetic field strength was investigated by comparing the spectra obtained at 376.5 MHz to spectra obtained on a Varian INOVA spectrometer working at 565.9 MHz at otherwise identical conditions.
The temperature dependence studies were performed by recording spectra at 22, 30, 40, and 50 ((0.1)°C. At each temperature both 19 F NMR and 1 H NMR spectra were collected. After each temperature change the samples were conditioned for at least 30 min before the experiments to allow equilibration. Figure 1 , samples within the investigated composition ranges, that is, up to 1 wt % cellulose and molar ratios of H 2 O to F -(N (H 2 O/F-) ) up to 6, can be classified with respect to their physical appearance into three categories: isotropic solutions, transparent gels, and opaque gels. At low concentrations of both cellulose and water, samples are clear isotropic solutions, see vial a in Figure 1 . The viscosity of the solutions increases with increasing concentration of either solute. At a certain solute concentration the solutions turn into rigid transparent gels as illustrated by vial b, which is turned upside-down in Figure 1 . At high water concentration the gels gradually become turbid as exemplified by vial c in Figure 1 . Samples classified as opaque gels (such as that in vial c) could not be studied by NMR, due to the high degree of phase separation which causes heterogeneities in the sample. (F-) , and the half height peak width, ∆ν 1/2(F-) , for the fluoride signals is shown in Figure  2 . As can be seen in Figure 2a , an increase in N (H 2 O/F-) results in a significant decrease of the fluoride ion chemical shift (δ (F-) ), in all sample series, that is, both with and without cellulose. Addition of 0.5% cellulose or more to the pure TBAF/DMSO solution causes a small but significant decrease in δ (F-) , for all N (H 2 O/F-) . It is interesting to find, however, that an increase in the cellulose concentration from 0.5 to 1% causes no notable change in δ (F-) . For all sample series, δ (F-) starts to level out to a value close to -110 ppm when N (H 2 O/F-) is higher than 2 ( Figure 2a) .
Results

Visual Appearance. As illustrated in
It can be seen in Figure 2b that ∆ν 1/2(F-) is strongly dependent on N (H 2 O/F-) . In the pure TBAF/DMSO there is a monotonic increase in ∆ν 1/2(F-) from 10 to 68 Hz when N (H 2 O/F-) increases from 0.49 to 3.81 (which corresponds to an increase in the water content from 0.31 to 2.36 wt %). With cellulose present in the system, ∆ν 1/2(F-) consistently shows a nonmonotonic dependence of N (H 2 O/F-) and there is a minimum in ∆ν 1/2(F-) close to N (H 2 O/ F-) ) 2 for all three studied cellulose concentrations. For the lowest water contents, ∆ν 1/2(F-) increases from 10 Hz in pure TBAF/DMSO to 100-150 Hz with cellulose present. At the minimum ∆ν 1/2 (F-) in the series with 0.5% cellulose is similar to ∆ν 1/2(F-) for pure TBAF/DMSO, that is, 40 Hz, whereas the samples containing 0.75 and 1% cellulose both show ∆ν 1/2(F-) of 65 Hz. With N (H 2 O/F-) above 2, that is, at the same value as δ (F-) , starts to level out, ∆ν 1/2(F-) changes roughly parallel to the values in TBAF/DMSO for all cellulose contents.
Magnetic Field Dependence.
To identify a possible field dependence of the line width of the fluoride signal in solutions with or without cellulose, 19 F NMR spectra of samples containing pure solvent or 0.5% cellulose with a varying N (H 2 O/F-) were recorded at two different field strengths. The results are shown in Figure 3 . For the pure TBAF/DMSO series, ∆ν 1/2(F-) shows no appreciable field dependence. When cellulose is present, however, the values of ∆ν 1/2(F-) are consistently larger at higher field for the whole presented range of N (H 2 O/F-) , with the difference being more pronounced at low N (H 2 O/F-) . Figure 5a ,b shows 1 H NMR spectra with assignments of samples with pure TBAF/DMSO or 1% of cellulose at the same content of water. A comparison of the 1 H NMR spectra for different samples shows that the shift of the DMSO peak is practically independent of sample composition (δ (DMSO) ) 2.504 ( 0.001 ppm in all investigated samples). The TBA + signals show only minor changes in shift with varying composition; the signal from the R-protons shift decrease by 0.045 ppm when the water content is increased from 0.31 to 2.36% and a shift decrease by 0.010 ppm when 1% of cellulose is added to the pure TBAF/DMSO, whereas the other TBA + signals are practically independent of composition. Figure 6 shows the dependence of δ (H2O) and ∆ν 1/2(H2O) on N (H2O/F-) for the water signal. The decrease in the chemical shift of the water signal seen in Figure 6a , is a consequence of a significantly increased shielding with increasing water content. At high N (H2O/F-) the shift starts to level out and approaches the shift of water in pure DMSO, i.e. 3.3 ppm. In the presence of cellulose the dependence of δ (H 2 O) on N (H 2 O/F-) essentially parallels the trend observed in the pure TBAF/DMSO, but with the values of δ (H 2 O) consistently somewhat lower. Figure 6b shows that the presence of cellulose causes broadening of the water peak and that the line width is only slightly dependent on the water concentration. Figure 7 the temperature dependence of the line width of the water signal is displayed for four comparable samples with or without cellulose and at two different water contents. For all samples, the water peak shows similar dependence of temperature, with respect to both shift change and line broadening, independent of the presence of cellulose.
Temperature Dependence of the Water Signal. In
Discussion
The results obtained in this study have highlighted the interactions of importance for dissolution and gelation of cellulose in TBAF/DMSO. There are many possible interactions between the components H 2 O, DMSO, TBA + , F -, and cellulose, which may potentially play important roles for the behavior of the system. By varying the concentrations of water and cellulose, the influence of these components in the studied solutions were monitored by 19 F NMR and 1 H NMR. The results strongly suggest that the most important interactions are those between fluoride ions, water, and cellulose. In the following discussion, these are, thus, the components in focus.
The strong effect of water on the macroscopic behavior of the samples is visualized by the samples shown in Figure 1 . A gradual addition of water to a solution of cellulose in TBAF/ DMSO first causes an increase in the viscosity, then induces gelation, and at N (H 2 O/F-) above about 3.5 renders the gel an opaque appearance. The induced and increasing turbidity can be ascribed to phase separation and to an increase in the number and size of the cellulose aggregates.
In the NMR experiments the influence of water on a molecular level is manifested by a strong dependence on N (H 2 O/F-) of the water signal, as observed by 1 H NMR (Figure 6 ), as well as of the fluoride signal as observed by 19 F NMR (Figure 2 ). We will start by discussing the fluoride-water interactions on the basis of the chemical shift dependences of the F -and water signals in pure TBAF/DMSO. In Figure 2a , one can note that δ (F-) decreases with increasing N (H 2 O/F-) , which indicates a gradually increasing shielding of the fluoride ion. This shielding can probably be attributed to the change in electronic surrounding as the F -goes from a DMSO rich to a more water rich environment. The change in shielding can be attributed to a change in the average binding length. F -· · · H binding lengths (where H derives from the solvent) in DMSO and water have been estimated to 1.876 and 1.415 Å, respectively. 30 By comparing the trend in δ (F-) with increasing water content to the values in the pure solvents, that is, -73 ppm in DMSO and -119 ppm in water, 31 one can indeed see that the local environment of the fluoride ion becomes significantly more aqueous-like. It is interesting to find that the functional form of the chemical shift dependence of the water signal, as observed by 1 H NMR (Figure 6a ), closely resembles that of the fluoride signal in 19 F NMR. This suggests that the changes in electronic/ chemical surrounding with N (H 2 O/F-) for these two species are coupled, which supports the existence of significant fluoridewater interactions, as an increase in fluoride ions are transferred from its DMSO surrounding to the vicinity of H 2 O and thereby increases the electron density in the closest surrounding of H 2 O.
One can find important clues about interactions between the different components in a solution not only by investigating the interdependence on the changes in chemical shifts, but also from changes in the appearance of the NMR signals. In general, line-broadening can arise from either chemical shift dispersion due to slow chemical exchange, an effect which usually shows a strong dependence on magnetic field strength, B 0 , or from an increase in spin-spin relaxation rate, which on the other hand is relatively independent of B 0 . Thus, by assessing the dependence of the peak shape on magnetic field strength it is possible to obtain information about the underlying mechanism of the broadening. As described by Furó et al., 20 the width of the individual spectral lines scales approximately linearly with the applied magnetic field.
It can be seen in Figure 2b that the line width of the fluoride signal in pure solvent increases with increasing N (H 2 O/F-) . From the results shown in Figure 3 one can conclude that the linebroadening observed in this case shows no field dependency and that its origin thus lies primarily in an increased spin-spin relaxation rate with increasing water content. This finding is reasonable because the number of water molecules coordinated to F -increases with an increased amount of available water, and an increase in the effective size of an entity in solution gives a decrease in the rotation rate and, thus, an increased relaxation rate.
The situation gets more complex when cellulose is added to the system, and even 0.5% cellulose gives a significant decrease in δ (F-) , in comparison to the value in pure solvent ( Figure 2a ). This finding is consistent with the idea that fluoride ions interact not only with the water molecules but also with the hydroxyl groups on the cellulose chain. The notable minimum in ∆ν 1/2 (around N (H 2 O/F-) ) 2) that is observed in the presence of cellulose (Figure 2b ) is consistent with a changeover in the dominant "binding site" for F -. The broad signal at low water concentrations can be explained by a major fraction of the fluoride ions being bound to the large, inflexible cellulose, whereas the initial decrease in line-width with increasing water concentration can be attributed to dissociation of F -from the cellulose and inclusion of the ions in water clusters. This mechanism is further supported by the fact that for N (H 2 O/F-) above 2, the change in ∆ν 1/2 closely parallels the behavior in the pure solvent. As shown in Figure 3 , the sample containing cellulose shows notable field dependence at low water contents. This observation suggests that chemical shift dispersion contributes to the line broadening, which can be explained by the F -being bound to different sites on the cellulose (each giving rise to a different δ (F-) ) in combination with a rather slow exchange between these sites.
The results from the temperature dependence studies give further support for the mechanism suggested above. A plausible explanation for the decrease in ∆ν 1/2 for F -with increasing temperature at low water content and in the presence of cellulose, as shown in Figure 4 , is an increased rate of exchange of F -between the different association sites on the cellulose. At higher water content the change in ∆ν 1/2 with temperature is very similar with and without cellulose, which indicates that the signals predominantly originate from molecules in the bulk.
For the signals from F -, as well as those from H 2 O, the chemical shift decreases with increasing temperature (Figures  4 and 7) , a finding that gives further support for strong interactions between these species. These enhanced intermolecular interactions between F -and H 2 O also result in increased dipolar interactions and thereby an increase in line width, ∆ν 1/2 , for both F -and H 2 O signals (Figures 4 and 7) . The absence of shift changes and line broadening for the TBA + signals on addition of cellulose suggest that this ion does not interact strongly with the polymer in the investigated composition range. In one previous report it has been proposed that TBA + might act as a swelling agent by adsorbing to the cellulose 32 and another paper emphasizes the benefits of using a bulky cation (known to be beneficial for ionic liquids). 33 Whereas the first explanation is not supported by the present data, the latter is consistent with the findings; the use of a bulky counterion to F -allows for a better dissociation of the F -from the ion pair. 34 This is why sodium fluoride in DMSO at equivalent concentration does not dissolve cellulose. Another study shows that TBA+ can be replaced by benzyltrimethylammonium fluoride (BTMAF) in DMSO with retention of the capability to dissolve cellulose. 35 We believe that the most important reason for why a bulky cation to F -is necessary is its ability to enhance dissociation of the salt, while the capability of the cation to interact with cellulose through dispersion forces has less impact.
Finally, we would like to make some general comments on designing a solvent system for cellulose. First of all, a highly electronegative ion with strong hydrogen acceptor ability should be used to break the strong hydrogen bonds between the cellulose chains. The power of F -as a hydrogen bond acceptor is well-known and has previously been discussed in comparison to other halides in the context of solvents for cellulose. 5 A parallel can be made to studies of the efficiency of ionic liquids to dissolve macromolecules, which have shown that the more electronegative the anion, the bulkier the cation should be. 3, [36] [37] [38] It can also be concluded that a small cation demands a bulky and highly polarizable anion in accordance with the Hofmeister series. 39 Taken together, the salt should be properly dissociated in the bulk solvent (DMSO in this case) and either the anion or the cation needs to have a good hydrogen bonding ability.
Concluding Remarks
Our results suggest that the dissolution of cellulose in TBAF/ DMSO is primarily due to strong ion-dipole interactions between the fluoride ions from TBAF and the hydroxyl groups on cellulose, where the high ability of fluoride as a hydrogen bond acceptor effectively breaks the network of hydrogen bonds between the cellulose chains. F -interacts strongly with both cellulose and water and the dissolving power of TBAF/DMSO can be eliminated in the presence of water. Gelation occurs when the electrostatic stabilization of the individual cellulose chains decreases as fluoride ions desorb from the polymer and instead coordinate with water in the bulk solvent. The suggested mechanism of the gelation is summarized schematically in Figure 8 . With no, or little, water the cellulose is protected from self-association by the adsorbed fluoride ions (picture a). On addition of water, the fluoride ions are withdrawn from the cellulose chains into -ions and withdraws F -from cellulose; (c) parts of the cellulose chains will be exposed, which makes reaggregation possible.
the bulk solvent (picture b). This causes the cellulose to interact via hydrogen bonds and a cross-linked gel is formed (picture c). To avoid gelation and, thus, make the best use of fluoride ions for dissolving cellulose, the H 2 O/F -ratio should be kept below 2:1. 
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